The course of nucleoid movement during and upon release from protein synthesis inhibition by chloramphenicol in filaments of Escherichia coli pbpB(Ts) was analysed. Cells were grown at 42 O C in glucose minimal medium for two mass doublings and were treated with chloramphenicol to generate fusion (coalescence) of the nucleoids. Upon release from protein synthesis inhibition, the large distance between the border of the fused nucleoids and the cell poles immediately decreased, before full recovery of the rates of mass growth and length increase at 30 "C. This indicates that nucleoids can reoccupy the DNA-free cell ends independently of cell elongation. During f ilamentation at 42 "c, the pbpS cells established initial constrictions at midcell and at onequarter and three-quarter positions. Nevertheless, divisions only started 75 min after chloramphenicol removal at 30 "c8 when most nucleoids had moved back into the vacated cell ends. No 'guillotine-like' constrictions at the site of the nucleoids occurred. This suggests that segregating nucleoids postpone division recovery at previously established sites. The results are discussed in the light of a working model for transcriptiodtranslationmediated chromosome segregation and nucleoid occlusion of cell division.
INTRODUCTION
Although bacteria are too small to contain a structure like the eukaryotic mitotic spindle, they still have to separate replicated DNA daughter strands and to segregate their nucleoids before division. During this process of partitioning or segregation, bacterial nucleoids have been proposed to move abruptly after replication from midcell to one-quarter and threequarter positions (see Donachie, 1993 ; Hiraga, 1993 for reviews). Such movement can be considered as an indication for a ' mitosis-like mechanism ' in Escherichia coli (Begg & Donachie, 1991; Wheeler & Shapiro, 1997) . However, the abruptness can be ascribed to the use of chloramphenicol for enhancing the visibility of nucleoid positions (Van Helvoort et al., 1994) . When nucleoids are visualized in untreated, exponentially growing cells, either living or after fixation, it appears that the distance between the nucleoid outer border and the cell pole remains constant throughout the cell cycle (Van Helvoort et al., 1994) . According to our view, this indicates that nucleoids as a whole move gradually, along with DNA replication and cell elongation, and that the impression of an abrupt movement is only obtained when measuring the centre of nucleoids, especially in the case of the rounded nucleoids in chloramphenicol-treated cells.
The gradual movement of the nucleoid does not stop when DNA synthesis is inhibited : in SOS-filaments obtained by shifting the quick-stop DNA replication nucleoids has been shown to continue as the along the length and the periphery of the f i h l e n t -The 
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inhibitor SfiA (Jaffk et al., 1986) . Subsequent treatment with chloramphenicol caused the domains to contract again into one or two spherical nucleoids . Based on these observations, it has been proposed that the driving force for chromosome movement is provided by the process of protein synthesis and, more specifically, by co-transcriptional and co-translational translocation of membrane proteins (Woldringh et al., 1995a ; see also Norris, 1995) .
In spite of the continued movement of the nonreplicating nucleoids in E. coli dnaX(Ts) cells grown at 42 "C, large DNA-free cell ends developed in the SOSfilaments (Mulder & Woldringh, 1989 ; see also Begg & Donachie, 1991) . Upon resumption of DNA synthesis at the permissive temperature, the nucleoid domains appeared not to be able to occupy the vacant cell ends. Instead, the nucleoids remained in place and increased in size by renewed DNA replication. The filaments recovered to normal-sized cells by first pinching off the DNA-free cell ends (Mulder & Woldringh, 1989 , 1996) , causing the coalescence or fusion of up to four segregated nucleoids into compact DNA regions. Since filaments recovering from induction of the SOS system produced DNA-less cells (Mulder & Woldringh, 1989) , we wondered whether filaments with fused nucleoids recovering from growth inhibition would also produce DNA-less cells, or whether they would segregate their nucleoids a second time. In the latter case, it would be of interest to determine whether the resegregating nucleoids return to their previously occupied positions before resumption of cell division.
In the present work we show that fused nucleoids are indeed able to gradually reoccupy the vacated cell ends and that cell division is largely postponed until resegregation has taken place. In addition, we show that nucleoid fusion can also be obtained by inhibition of RNA synthesis and by amino acid starvation. lysine ml-l and NaCl to obtain an osmolarity of 300 mosM (Micro-Osmometer ; Advanced Instruments). Mass growth was monitored by measuring the OD450 with a Gilford microsample spectrophotometer and cell numbers were measured with an electronic particle counter (30 pm orifice diameter).
METHODS
To facilitate the analysis of nucleoid resegregation, the cells were synchronized by centrifugal elutriation (see below). The small cells were incubated at 42 "C for two mass doublings, before chloramphenicol (Boehringer Mannheim) was added to a final concentration of 200 pg ml-'. After 70 min in the presence of chloramphenicol at 42 "C, the cells were removed from the medium by filtration through a pre-wetted 0.22 Frn type GSWP Millipore filter. The cells were washed with 3 vols medium without chloramphenicol, prewarmed to 42 "C. The whole procedure was carried out in a 42 "C cabinet to prevent initiation of constriction. The filter was added to prewarmed medium without chloramphenicol at 30 "C to restart growth and to allow cell division. The cells were easily washed from the filter. Samples for fluorescence microscopy were taken at appropriate intervals during the whole procedure after synchronization and were fixed in 0.1% OsO,, final concentration.
To test the effect of different inhibitors of protein synthesis, exponentially growing cells were shifted to the restrictive temperature of 42 "C and grown for two mass doublings before protein synthesis was inhibited, also at 42"C, with 200 pg chloramphenicol ml-l or 100 pg rifampicin ml-l (Calbiochem). For amino acid starvation, lysine was removed by filtration as described above.
Synchronization by centrifugal elutriation. The procedure for centrifugal elutriation of E . coli cells was carried out as previously described for yeast cells (Woldringh et al., 1995b) .
Cells were grown exponentially in one 1 culture medium. At an OD,,, of 0.15, the cell suspension was centrifuged at 4 "C and the cells were resuspended in 5 ml culture medium. This suspension was loaded into a 5 ml elutriation chamber (rotor JE-6B; Beckman Instruments) and equilibrated for 40 min at 4 "C, 5000 r.p.m. at a flow rate of 2 ml rnin-l using culture medium. Small cells were collected at a flow rate of 2 8 ml min-l and kept at 4 "C until 20Oml cell suspension was obtained. The cell suspension was centrifuged and resuspended in 100 ml prewarmed culture medium at 42 "C to start the experiment. The coefficient of variation of cell length (cv)
at the start of the experiment was 19 % due to the presence of a few longer cells with two nucleoids (see Table 1 ).
Microscopical methods and image cytometry. Nucleoids in cells fixed with 0.1 '/o OsO, were stained with 0 2 pg DAPI ml-1(4',6-diamidino-2-phenylindole dihydrochloride hydrate ; final concentration) for at least 1 h. The cells were immobilized on object slides coated with a dried 2% agarose layer. The preparations were illuminated at 330-380 nm. Images were taken with a Grundig FA85 1 charged-coupled-device (CCD) camera mounted on an Olympus BH-2 fluorescence microscope equipped with an oil immersion lens, a 5 x photo-ocular and an emission filter of 420 nm. Length and diameter of cells and filaments, length and number of nucleoids, and the position and number of constriction sites were measured using the Object-Image version (Vischer et al., 1994) of the NIHimage software.
RESULTS

Nucleoid fusion
To facilitate analysis of the course of nucleoid fusion and movement in filaments, we started our experiments with a synchronized population of E . coli cells grown in glucose minimal medium (doubling time about SO rnin). The small cells ( Fig. la) , selected from the elutriation chamber, presumably represented newborn cells. They contained a single nucleoid region as visualized by fluorescence microscopy. As a measure of nucleoid size, the lengths of the nucleoid regions were determined (L, in Table 1 Table 1 . Note the increase and subsequent decrease in nucleoid-pole distances.
equivalents were found (to be reported elsewhere). This i? reminiscent of the flow cytometric observations of Akerlund et al. (1995) , who found that in stationaryphase cells, most nucleoids contained two chromosome equivalents.
Although the elutriation was performed at 4 "C, the newborn cells immediately started growth when suspended in medium at 42 "C (Fig. 2a) . While cell division / was inhibited (Fig. 2b) , growth for two mass doublings produced short filaments that on average had four separate nucleoid regions (Fig. Ib) , 1-64 pm long (Table  1) . Subsequently, the synchronized filaments were treated with 200 mg chloramphenicol ml-l at 42 "C for 70 min, which caused fusion of the nucleoids (Fig. lc) , as described previously (Van Helvoort et al., 1996) . During the chloramphenicol treatment, a slight increase in cell mass (Fig. 2a) and an increase in cell length from 10.3 to 12.8 pm (Table 1) was observed. T o evaluate movement of nucleoids, the distances between the outer border of the external nucleoid region and the cell poles were plotted as a function of time (Fig. 2c) . It can be seen from Fig. 2 (c) that growth at 42 "C caused an increase of the nucleoid-pole distance (from 0.6 to 1.3 pm), suggesting some retardation in DNA segregation during filamentation. During the chloramphenicol treatment, nucleoid-pole distances increased to about 2-5 pm. Within 5 min of the start of chloramphenicol treatment, the number of separate nucleoid regions per cell dropped from a mean of 3.8 to a mean of 2.8 (result not shown), decreasing further to a mean of 1.9 elongated nucleoids per cell after 70 min of treatment (L, 2.47 ym; Table 1 ). The initial drop in number coincides with only a gradual increase in the nucleoid-pole distance, as shown in Fig.  2(c) , suggesting that individual nucleoids first fuse before retracting from the cell poles. Compared with the nucleoids in growing filaments (Fig. lb) , the fused nucleoids after 70 min of chloramphenicol treatment (Fig. lc) have a smoother shape and a larger diameter. In part, this may be ascribed to an increased amount of DNA as a result of run-out DNA synthesis during the chloramphenicol treatment (Bremer & Churchward, 1977) .
Nucleoid resegregation
After removal of the chloramphenicol by filtration, resegregation of nucleoids was observed while keeping the cells at restrictive temperature (results not shown).
In the experiments described below, the filaments were allowed to resume growth and division at the permissive temperature. Fig. 2(a) shows that mass growth slowly resumed at 30 "C, reaching its normal rate after about 70 min. At this time, the filaments also started to divide (Fig. 2b) . Immediately after chloramphenicol removal, the large nucleoid-pole distances in the filaments decreased gradually (Fig. 2c) , indicating that the DNA from the fused nucleoids moved back into the previously occupied cell ends. In view of the run-out DNA synthesis, which may be expected to occur during chloramphenicol treatment, it is remarkable that the individual chromosomes do not resegregate as independent entities, but that nucleoid regions, presumably containing two or more chromosome equivalents, resegregate together (however, see below). The mean number of nucleoid regions per filament increased only gradually, reaching a value of 3.2 after 75 min (Table 1) and of 4.0 after 120 min (not shown). This movement towards the cell poles occurred while mass growth had hardly resumed (see Fig. 2a ). As we measured no increase in the mean length of the filaments ( Nucleoid resegregation in E. coli filaments on a full recovery of the rate of mass growth or length increase.
Division recovery in the filaments
As indicated in Fig. 2(b) , cell divisions started again after a delay of about 75 min. In contrast to the ftsZ84(Ts) strain (Taschner et al., 1988) , E. coli p6pB has been shown to initiate constrictions during growth in glucose minimal medium at 42 "C. These initial constrictions, at positions in the middle and at one-quarter and threequarters cell length, are clearly visible in the electron microscope (Taschner et al., 1988; Wientjes & Nanninga, 1989 ). Although they are less evident in the combined phase-contrast and fluorescence images presented here (arrows in Fig. lc) , they become clearly visible as the constriction process resumes at 30 "C. At 75 min after chloramphenicol removal, 63% of the E. coli p6pB filaments showed one or more deep constrictions. Although the first divisions often occurred at midcell, later divisions seemed to take place at the poles (Fig. 3b, c) . However,. quantification of deep constrictions showed that divisions took place with equal frequency either at midcell or at one-quarter and threequarter positions. Apparently, the division sites previously established during growth at 42 "C could be reactivated. In Table 1 the lengths of newborn cells, and of the nucleoids they contain, are indicated for 95, 105 and 115 min after chloramphenicol removal. These recovering cells have a mean size of 3.5-34 pm. This is larger than the length of a newborn cell in the exponentially growing culture at 30 "C (2.0 pm; see also Taschner et al., 1988) or of the synchronized cells (2.6 pm; Table 1 ). The increased length reflects the resumed growth of the cell units, as defined by the previously established division sites, upon chloramphenicol removal. In contrast, the mean length of the resegregated nucleoids (1.16 pm; Table 1 ) is smaller than in newborn cells (1.26 pm ; Table 1 ). Although this could be ascribed to the segregation of nucleoids containing, after run-out DNA synthesis, a single chromosome equivalent (see Fig. 3c ), such an interpretation needs confirmation by image cytometric quantification of the amount of DNA per individual nucleoid (to be reported elsewhere). In any case, these early constrictions could generate cells with asymmetrically localized nucleoids (Fig. 3c) and even DNA-less cells. The 9-22% of DNA-less cells observed until 115 min after chloramphenicol removal (Table 1) result from early division events in the recovering filaments and represent about 7 % of the potential division sites present (assuming an average of three sites per filament). In view of this imbalance between resegregation and cell division, it is remarkable that no 'guillotine-like' constrictions (Niki et al., 1991) occurred at the position of a nucleoid. In the stationary phase, sampled after 16 h incubation at 30 "C, a homogeneous population of small cells was obtained with less than 170 of DNA-less cells (Table l), indicating that DNA-less cells were only formed in the early stage of growth and division recovery, and that at later stages (results not shown) performed with an E. coli ftsZ84(Ts) strain, showed a similar fusion and resegregation of nucleoids. However, division recovery after chloramphenicol removal took much longer (175 min). No DNA-less cells were formed in the ftsZ84 filaments, probably because nucleoids had more time to move into the DNA-free cell ends.
Nucleoid fusion and compaction induced by other agents
Treatment of E. coli p6pB filaments (Fig. 4a) with rifampicin, or lysine starvation, induced nucleoid fusion, similar to that observed after treatment with chloramphenicol. However, after rifampicin treatment (Fig. 4b) , the nucleoids retracted less far from the cell poles than after lysine starvation (Fig. 4c) or chloramphenicol treatment (Fig. lb) . Our results with rifampicin contradict the observation of Harrington & Trun (1997) that rifampicin causes nucleoids to decondense. Nucleoid fusion by chloramphenicol was also observed in filamentous cells of Bacillus subtilis and in spherical E. coli p6pA cells (results not shown). These observations suggest that nucleoid fusion represents a general phenomenon that occurs in different species and strains, and that can be ascribed to the loss of transcriptional and/or translational activity of the DNA.
DISCUSSION
We have used the phenomenon of nucleoid fusion caused by chloramphenicol treatment, first observed by Schaechter & Laing (1961) , to study the process of resegregation and recovery of division in E. coli filaments released from inhibition. The results demonstrate that during growth resumption, but before full recovery of the rate of cell elongation, the fused nucleoids are able to resegregate into the previously occupied cell ends. In an analysis of normal-sized cells recovering from chloramphenicol inhibition (Van Helvoort & Woldringh, 1994), we could not confirm the observations of Hiraga et 61. (1990) that daughter chromosomes move from midcell to one-quarter and three-quarter positions without elongation and we have contended that nucleoids do not move faster than the cell elongates. However, the present results clearly show that resegregating nucleoids can move faster than cell elongation in filaments.
Tra nscri ption-med iated segregation
It has been suggested that numerous interactions between the DNA, cytoplasm and plasma membrane pull the nucleoid into an extended or even lobular form (Daneo-Moore & Higgins, 1972; Kleppe et al., 1979; Woldringh & Nanninga, 1985) . In accordance with this view, we have proposed that the shape of the nucleoid is the result of a balance between physical compaction forces (Murphy 8c Zimmerman, 1995) and expansion through co-transcriptional and co-translational translocation of membrane proteins (Woldringh et al., 1995a ;  see also Norris, 1995; Norris & Madsen, 1995) . The phenomenon of nucleoid fusion suggests that these interactions not only determine the shape of the nucleoid, but also play a role in DNA segregation (Fig. 5) .
In filaments, abolition of the interactions allows the physical compaction forces to push different nucleoids together into one region. We conclude that the growing cell needs an active driving force to segregate its DNA, both in filaments and during the normal cell cycle. We Nucleoid resegregation in E. coli filaments further hypothesize that this driving force results from the random expression of numerous genes encoding membrane proteins. By the formation of an mRNA/ ribosome/signal recognition particle/translocation complex, these genes form DNA loops indirectly attached to the plasma membrane (Lynch & Wang, 1993; Luirink & Dobberstein, 1994) . Although individually transient, collectively these many DNA loops are able to expand and move the nucleoid in the growing cell. This expansion mechanism is thus an emergent property of many nonspecific genes occurring dispersed over the entire chromosome. We assume that this mechanism is sufficient to gradually separate the two daughter nucleoids if, after initiation of DNA replication at the unique origin, a displacement of the two daughter strands occurs. Such an initial displacement could be performed by a dedicated mechanism that pulls or pushes the newly replicated origin regions toward opposite cell ends. A polar localization of the origin and the involvement of specific partition proteins has been described for both B. subtilis (Webb et al., 1997) and Caulobacter crescentus (Mohl & Gober, 1997) . In E. coli, the 'motor protein' MukB has been suggested to play such a dedicated role in segregation (Hiraga, 1993 ). An initial displacement could also be mediated by the formation of a ribosome assembly compartment at rRNA genes occurring close to the origin (Woldringh & Nanninga, 1985) . As schematically depicted in Fig. 5 , we propose that once the origin regions (A and B in Fig. 5 ) have been separated along the cell's length axis, subsequent expression of membrane proteins on the daughter strand (a in Fig. 5 ) belonging to origin A will pull the DNA to the membrane region on the side of that origin. This expansion mechanism is also suitable for the continuing segregation during multifork replication. To explain the outward movement of fused nucleoids as described here, we assume that the many DNA loops extending from the closely packed nucleoids are hampered in finding a location to insert their membrane proteins and are forced to attach to the vacated membrane at the ends of the filament, thereby pulling the DNA outward. At present we have no idea how many DNA loops are involved and what force they have to generate for nucleoid movement. Although the insertion of new membrane proteins will finally lead to a recovery of the rates of membrane extension and cell elongation, the expansion mechanism is at first not dependent on this elongation. During the normal cell cycle depicted in Fig.  5 , each set of loops belonging to one daughter strand will generate a zone of membrane growth causing length extension and nucleoid movement to go hand in hand.
Resegregation after inhibition of DNA synthesis
During resegregation in the filaments studied in this work, no indication was found of nucleoids being rapidly moved apart by a fixed distance (unit length) as suggested by Begg & Donachie (1991) . They based their conclusion on the observation that in ftsA filaments, only two spacings between the centres of nucleoids This model assumes (i) a dedicated mechanism for the initial displacement of the origins (A and B) and (ii) the expansion of the nucleoid by the transient attachment of DNA loops through co-transcriptional and co-translational translocation of membrane proteins forms two membrane-growth zones that cause cell elongation. Grey-coloured, supercoiled loops represent DNA from the unreplicated chromosome. Thin (a) and thick (b) supercoils represent loops belonging to newly replicated daughter strands with origin A and B, respectively. Because of the initial displacement (by a dedicated mechanism) of the A-origin to the left, the a-loops will, on average, attach to the membrane on the left side of the cell, thus pulling subsequently replicated DNA regions to that side. This segregation mechanism is also suitable for segregation during multifork replication: if, after reinitiation, the origins of each pair are moved apart along the cell's long axis, the subsequently replicated daughter strands will again be pulled towards them, now forming two pairs of membrane growth zones.
occur: either a small distance in the case of connected pairs (dumbell shapes) or twice that distance in the case of separated nucleoids. However, it was not realized at that time that chloramphenicol not only influences the shape, but also the positioning of nucleoids. Nevertheless, these authors did observe a gradual redispersal of DNA from a central area to the cell poles in E. coli ftsA thyA filaments that had grown for a limited period in the absence of DNA replication. They concluded that the segregation mechanism fails when DNA synthesis is inhibited, contrary to the observation of continued movement of nucleoid regions in cells not treated with chloramphenicol .
A redistribution into DNA-free regions along the cell length has previously also been suggested to occur in a temperature-sensitive DNA mutant of B. subtilis (Mendelson, 1972) , using autoradiographic detection of radioactively labelled DNA. Because mass growth declined after the temperature shift, nucleoid fusion could well have taken place in these filaments due to inhibition of protein synthesis. Upon shift back to the permissive temperature, nucleoid resegregation may have occurred, as suggested by the author. As expected after DNA synthesis inhibition, DNA-less cells were also formed (cf. Mulder & Woldringh, 1989) .
Resegregation and division recovery
The present analysis of division recovery in pbpB filaments has a bearing on recent studies of dissolution and reformation of FtsZ rings in cell division mutants.
In p b p B filaments, continuation rather than initiation of cell constriction is inhibited, resulting in partial constrictions when cells are grown in glucose-minimal medium. This initiation has been proposed to be performed by a penicillin-insensitive peptidoglycansynthesizing mechanism (Nanninga, 1991) , which includes the assembly of the FtsZ ring structure (Bi & Lutkenhaus, 1991) . It has been shown by immunofluorescence for different fts mutations such as p6pB (ftsl) , ftsA Pogliano et al., 1997) and ftsW (Khattar et al., 1997) , that FtsZ ring structures are formed and correctly spatially positioned in the mutants at restrictive temperatures. Although Pogliano et al. (1997) found that the function of PBP3 (FtsI) was required for the assembly of additional FtsZ rings in filaments grown in rich medium, and Addinall et al. (1997) found that FtsZ does not return to sites that have a partial constriction, our results on p 6 p B filaments grown in glucose-minimal medium show that eventually, all the constriction sites established at 42 " C do recover after shifting back to the permissive temperature. At present, it is not clear whether this division recovery is influenced or postponed by the resegregating nucleoids. According to the periseptal annulus model (Cook & Rothfield, 1994 ) division sites are differentiated and positioned by an active mechanism that resides in the cell envelope, Upon shift back to the permissive temperature, the established sites might be expected to become reactivated independently of the resegregating nucleoids. It is remarkable, however, that apart from divisions leading to asymmetrically localized nucleoids or DNAless cells, no guillotine-like constrictions (Niki et al., 1991) at the site of a nucleoid were observed. This lends support to an inhibitory effect of the nucleoid, actively involved in transcription/translation, on the constriction process as proposed in the nucleoid occlusion model (Mulder & Woldringh, 1989; Woldringh et al., 1991) . Future experiments, in which both FtsZ ring assembly and the amount of DNA per individual nucleoid region are determined during growth recovery and during the normal cell cycle, should provide further insight into a possible role of (re)segregating DNA in signalling division.
